
●

✎✍� �

REPORT No.

PRESSURE FLUCTUATIONS

IN A COMMON-RAILFUEL INJECTION SYSTEM

By A. M. ROTHROCK

Langley Memorial Aeronautical Laboratory

-—— . . ——
669

— .-

. .

.

,





REPORT NO. 363
*

PRESSURE FLUCTUATIONS IN A COMMON-RAIL FUEL INJECTION SYSTEM

By A. M. ROTHEOCK

SUMMARY

The tests reported herein were conducted at the Lungley
.Jfemorz-al Aeronautical Laboratory, Langley Field, Vi.,
to determine experimentally the instantaneow pressures
at the discharge orijice of a common-rail fuel injection
system in which the timing mrke and cut-q$ mrlre were
at some distance from the automatic fuel injecti-on valre,
and afao to determine the methode by which the pressure

jktuations could be controlled.
Tl$e instantaneou~ pressure8 af the di8charge ori$ce

of a common-rail fuel inje~”on sy8tem were determined
by ana[yzing & stem-li~ records of an automatic injec-
tion rake. I%e fuel injection wa8 obtained by releating
fuel from a reseti under high pressure by means of a
cam-operated timing rake. The period of injech”on ws
controlled by the opening of a cam-operated by-pa8s cake
which reduwd the fuel pre8sure betuxefi the timing oaks
and the injwtion rake. An injection system OJihi8 type
assures the 8ame rate offuel discharge regard~e88of eng?”ne
speed. The result8 show that preswre ware phenomenu
occur between the high-pressure re8erLw”rand the di8-
charge oti$ce, but that these pre8sure uxrre8 can be con-
trolled so as to be advantageous to the injection of thefuel.
The results also gke data applicable to the design of such
an inje&”on system for a high-speed compression-ignition
engine.

INTRODUCTION

In order to control the injection of fuel into the
combustion chamber of a compression-ignition engge,
it is necessa~ to know the pressure variations at the
discharge orifice as well as the time interval of injec-
tion. These pressure m-uciat.ionsare contrdkd by the
design of the fuel injection eystem and the physical
properties of the fuel. The system should be designed
to meet the requirements imposed by these physicaI
properties in such a manner that the instantaneous
pressures at the discharge orifice cause injection of the
fuel according to the requirements of efficient combus-
tion. Since fuel oiLaare compatible, they are subject
to pressure wave phenomena. Beoause of the fluctua-
tions of these pressures in the injection system, the
instantaneous pressures can not be recorded tith a
static gauge. In fact., the presure fluctuations may
be so rapid and so violent as to make it impossible to

predict the rates of discharge from the orifice by means
of such pressure gauge readings.

.The quantity of fueI delivered by a common-rail
fuel injeotion system is controlled either by the lift
of a meohanicalIy operated fuel injection valve or by
the time interval during which the oil in the high-pr=
sure reservoir is released to the injection vake. The
first type has not been used extensively with high-speed
engines, becau.ssof the dMcuIty of controlling the rate
of fuel flow by controlling the lift of a mechanically
operated valve. W5th the second type it is necessary
to have one or two mechanictiy operated vaIves in
conjunction with either an automatic injeotion valre
or an open nozde. When one mechanically operated
vake is employed, the fuel under pressure is released
to the discharge orifice for the time interval during
which the mechanically operated vrdve remains opened.
When this valve closes the fuel contiuuw to discharge
untiI the oiI pressure between the mechanically oper-
ated valve and the injection valve drops to a value
1S than the injection valve opening pressure, or to the
pressure in the combustion chamber “if an open nozzIe
is used. This resuIts in a comparatively slow cut-off
of the fw21spray. If, however, an automatic injection
valve is used and a second mechanically operated
vfdve is employed, whioh causes the stop of fuel dis-
charge by releasing the pressure between the high-
-pressure reservoir and the injection vaIve to sume
v-due Iess than the vrdve closing pressure, a sharp
cut-off of the fuel spray is assured. Such a fuel injec-
tion system should have the following characteristics:

1. Constant time for a given fuel quantity to
be discharged regardless of engine speed.

2. Sharp start of fuel spray.
3. Sharp cut-off of fueI spray.
4. Constant fuel dispersion and penetration

regardless of engine speed, except for the
effect of air flow.

To design a fuel injection system of this type with -
a detite rate of fuel discharge, the effect of the
difkent parts of the injeotion system on the instan-
taneous pressures must tit be determined. If these
are known, tie pressure fluctuations throughout the
injeotion system and the rate at whioh the fuel is
discharged can be varied almost at wiU.
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The instantaneous injection pressures in an injec-
tion system have been measured either directly or
indirectly by sever~ investigato~. Hesselman (Ref-
erence 1), using a.combination common-rail and pump
“injection system, recorded the movement of the auto-
matic injection valve stern, and from the area exposed
for discharge into the combustion chamber computed
the rate -of fuel discharge. Ricardo (Reference 2)
measured the instantaneous pressures from a fuel
pump by means of the R. A, E. indicator. A third
investigator (Reference 3) recorded the stem move-
ment of an automatic injection valve and from it
attempted to predict the pressure “variations at the

Spray
chomiber

results of these tests showed that the automatic
injection valve was opened by a pressure wave.

AMETHODS AND APPARATUS

The injection system of the N, A. C. A, Fuel Spray
Photography Equipment (Referenc~ 6) W%Sused for ___
this im.vestigation, It is illustrated diagrammatically
in F~ure 1. The timing valve cam was operated by
a clutch which, when engaged, caused the cam to
make one revolution. As the timing-valve needle was
lifted from the seat the oiI under prcssuro in the high-
-pressurereservoir was released through the injection
valve tube to the injection valve, The oil pressure
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FIGUREI.–Fuel WY Injectfcmsystem

discharge orifice. Unfortunately his analysis is incom-
plete and consequently the pressure curves prewnted
are not justMed.

Gelalles and the author (Reference 4) have recorded
the movement of the timing valve stem on the injec-
tion system of the N, A. C. A. Spray Photography
Equipment when the stem was operated hydraulically
and, in addition, have computed the stem movement
from an anaIysis of the flow of oil through the vaIve.
The computed movement of the stem was in close
agreement with tha actual movement. From these
results the movement of the stem of an automatic
injection vaIve was computed, but due to limitations
of the apparatus at the time, the actual movement
was not determinecL

The rmthor (Reference 5) has determined e.sper-
imentally the time interval between the opening of
the timing valve and the start of the fueI spray from
an injection valve for the injection system of the
N. A. C. A. Spray Photography Equipment. The

acting on the annular area of the valve stem forced
the stem from the seat and the ofi was sprayed into
the chamber. The by-pass or spray cut-off valve then
opened, the hydraulic pressure in the injection valve
tube dropped due to the rapid flow of the oil through
the by-pass valve, and the injection valve spring
returned the stem to its seatj cutting off the fuel
spray. The time interval between the start of open- -
ing of the timing valve and by-pass valve could bo
varied as shown. The by-pass valve was so adjustcd
that it opened before the timing valve starhd to close.

The initial pressure in the injection valve tube was
adjusted to any desired vaIue by means of the initial
pressure control valve. The hydraulic pressures were
obtained by a hand pump. The static pressures were
indicatad by a Bourdon spring gauge mounted in the
line between the hand pump and the high-pressure
reservoir. An initial pressure of 300 pounds per
square inch and a camshaft speed of 1,140 r. p. m,
were used in all the tests except where otherwise
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stated. Particular care vms taken to remove aU air
from the injection system before each twt was made.
The fuel used was a high grade Diesel fuel oil with a
specific gravity of 0.S6 at 80° F., and an absolute
viscosity of 0.048 poises at 80° F., and atmospheric
pressure.

The injection valve shown in Figure 1 was altered ~
as shown in Figure 2, sc that the stem movement :
could be recorded. The timing valve was aIso altered
in the same manner. The movement of each valve
stem was recorded by directing a beam of light from
a point source onto a mirror operated by the vaIve stem i
and focusing thereflected beam onto a film mounted on [
a revolving&urn. The two fllmdrums
were mounted on the same shaft, and
driven by a synchronous motor at a
peripheral speed of 1,038 inches per
second. Electromagnetic shutters op-
erated by the camshaft were placed in
front of the film drums so that the
beam of Iight fell on them for not
more than three revolutions. This
was done so that the line of zero lift
would not appear as a heavy band.
During the preliminary part of the in-
wxiigation th~ injection vaIve was
mounted in thespray chamber asshown
in Figure 1, and records were taken si-
multaneously of the timing valve stem
movement, the injection valve stem
movement, and the development of the
fue~ spray. In order to synchronize
the threerecords, small spark gaps were
placed in front of the two stem move-
ment flms. These were connected in
serieswith the main spark gap for tak-
ing the high-speed motion pictures of
the fuel spray. Hence, for each spray
photograph there appeared a short
line on each of the two films. FE-

time interval betvieen the opening of the timing valve
and the start of the fuel spray had been determined
previously (Reference 5). Therefore, spray and timing
valve records were not taken for the majority of
the tests, and the injection wdve was mounted
in theholder shown in Figge 2 so that calibra-
tion records could be taken after each stem lift
dia&m.

In order that the stem movement could be used as
the instantaneous pressure indicator, all of the injec-
tion-valve records for the pressure aualysis were taken
with the stem stop backed off, so that the stem did not
strike it. A typical record is shown in Figure 4. It
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FIG=IL 2—AntomatIc InJecffon valre and appwafus for recording valra sCem momment

of the vaIve
stems and of the deveIopmertt of the fuel spray taken
in this manner. For this partictiar test the stem
stop of the injection valve was set to limit the masi-
murn lift to 0.021 inch.

An examination of the figure shows that both the
start of the spray and the start of the injection vaIve
stem movement occurred between the seventh and
eighth photo=gaphsj and that spray cut-off came
between the fifteenth and sixteenth photographs. The
stem did not stay against the stop because of the pres-
sure fluctuations. The three records taken simul-
taneously showed that the start and stop of the spray
followed the start and stop of the injection valve
stem movement within a few hundred thousandths of
a second, that is, within the accuracy of the experi-
mental data. The effect of the severaI variables on the

is seen that the stem came in contact With the seat
after the first odlation, but did not touch it again
until spray cut-off, at which time it struck the seat and
made a series of short bounces. Such bouuces are the
cause of the discharges which Beardsley defines as
secondary discharges and discusses in his report on
the reproducibility of spray data. (Reference 7.)
They occur when the pressure in the injection valve
tube. is great enough during the bouncing of the stern
to cause discharge. They are not due to a pressure
wave oscillating betmxm the by-pass valve imd the
injection valve, since t&ir frequency is too high for
such an oscillation.

The calibration of the spring in the injection valve
was obtained by closing the valve A shown in Figure 2.
The stem recording mechanism was removed, and a
dial indicator graduated in thousandths of an inch
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was placed agrtinstthe spring follower of the injection \ wttsobtained on the revolving film with straight lines
vahe. The hydraulic pressure was built up in stages I repre%nting the lift for each increment. This record
of 500 pounds per square inch and the lift readings was converted into acturd Iift of the valvo stem in
recorded, From these data the spring scale of 3,600 inches from the spring calibration. It was necessary

1-... 0, .0;1 .0;2 .#i3 i:......-.f7b4: - .ob5 .0;6
Time,sec. I

FuelSW8Yphotomapha

.04

G

. . . . 0 .00) .ob2 .003 .o&# .005 .o&k .007 .Oua.. ._. .oM___ :.._@ +!?
Time, aec.

Record ofinjection vabie stem motion with stem stop set at 0.021Inch Uft

o
,,

h ““=.odl “““:otJz““ .Q& .ob4” .005 .@6 .007 .ob8 .009 .0)0 ,o)r
.. Time, s@c.

Record of tfming velve stemi motion

FIGURE3.–Fnel epmy development, Injection wake stem motion, and thrdng vake etem motion rwrxded elmukamawly

pounds per square inch was computed. The cali- I to take film calibration records after each lift record,
bration o~ the ~ft as recorded on the-film was obtained
by replacing the lift recordigg mechanism and buildi-
ng up the pressures in stages of 500 pounds per square
inch. At each pr”&sure increment the point somce
light was flashed on for an instant.,so that a record

for, in changing the conditions between succcsaive .,7
teats, the angle of the point source light was chrmgcd
and any ditTerancein this angle changed the recorded
lif-scale. The calibration record for Figure 4 is
shownin Figure 5. The corresponding pressures for
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each line have been marked on the film. In this par- the time t, m the mass of the mov@ parts, and a the .
titular case the valve opening pressure was 2,50~ accele~tion of the stem at the time t. The spring
pounds per square inch; conaequentIy, there was no scale has already been giw=. The mass of the mo~g
lift recorded untfl this pressure was reached. parts was taken as the mass of the valve stem, plus the

-

In order to obtain the frequency of the diaphragm mass of the spring folio-iverand its attachments pIushalf
steel link, the diaphragm was deflected slightly and I the mass of the valve spring and the mirror and its

.-

;“ .0;[ .4?;2 .&& -oh -L?& L7U6 .oh7 ti8. D& .Ok) .O;l
Time. sec. .,

~Gurm 4.–Recad of InjectIon rdre stem motion with no stop

then released, and at the same time a photographic
record vias taken of the vibration of the reflected light
beam. The record, Figure 6, shows that the fre-
quency of tibrd.ion was 5,OOOper seeond. In the
stem records the effeets of these titrations are notice-
able to an appreciable degree only when the stem

support. For the valve tested the total moving mass
was 0.069 pound. The spring compression at any
instant was the sum of the iuitial compr~on of the
spring, obtained from the calibration record, phs the
stem lift at the instant under consideration, obtained

—

from the stem lift record. The acceleration at anv
-

. --

FImrrm 5.—Pres9um mUbc8tfon mum?

strikesthe seat during the bouncing after cut-off, ~ instant was ob ttied by fit dra~ the.time ~~ocity
Flame 4. ! curve from the tangents to the time lift curve taken at

] O-oool-=ond htsvab and then drawing the time
DERIVATION OF THE INSTANTANEOUS PRESSUFUIS

AT THE DISCHARGE ORIFICE FR031 THE STEM
LIFT RECORDS

At e~ery instant the hydraulic force on the vaIve
stem was opposed by the resisting force of the valve
spring plus the product of the.mass of the moving
parts and their acceleration at that instant plus or
minus the friction of the stem in its guide. With the
injection valve used the lapped stem slid freely in the
val~e body when the valve was assembled, and con-
sequently the friction force was negIected. The force
equilibrium equation is therefore:

f =L9+ ma (1-)

r~-——...--.-~s
““% .
.&

:gijo5
.=
‘.%&-. - ._. AL. A–... -. —-.—— - -----

... .
. ..-c —--13=-”i“. .0(4 .&2 .,,-

Tillle,see: . I

I

I
in which f is the hydratic force at any time t,A the k

spring scale, s the compression of the valve spring at
41830-31~

—

FIomm 6.–Recmd OfViirntions caused by df8Pbm@n steel Ifnk

acceleration curve from the tmgents of the velocity
curve taken at the same intervals. The mean pressure
on the stem was the total force divided by the area of
the stem – 0.039S square inch.

--

—
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Figure 7 shows the velocity, acceleration, and
pressure curves, together with the Iift curve for the
experimental record shown in Figure 4. The bouncing
of the stem after cuhff is omitted since it was not the
purpose of these tests to investigate secondary dis-
charges. The time scale in Figure 7 was enlarged over
that in Figure 4 so that the tangents for the velocity
curve were for angles less than 45 degrees, since the
rate of change of the tangent is 1sss for the smaIIer
angks. The curves in Figure 7 are characteristic of
the curves obtained for the stem movement in the
majority of the tests. There is fist an oscillation of
high amplitude, then one of and amplitude, followed

COIWTI.?FEE FOR AERONAUTICS

the expression gives a value of 0.0020 second. The
actual period as obtained from the figure is 0.0020
seoond. The difference between the actual period
and the theoretical period can be accounted for in part
by the fact that the value of E has not been accurately
determined, but chosen from the values of other oils
of similar properties. The curves show in nearly all
crises a sharp drop in pressure about 0.0004 second
after the start of injection caused by the start of the
dischaige from the orifice, There is a sharp increase
in prewure due to the restriction ta oil flow whenever
the stem reaches or nearly reaches the seat during its
oscillations.

—
?he, sec.

I?WCRE7.-Stsm lift reexd shown In F@re 4plotted together with stem velodty and acceleration curw and pressure at dkchnrge or!fkw

by one of a slightly greater amplitude. These oscilla-
tions indicate that the stem.movement was controlled
by two harmonics imposed upon each other. One
was the fundamental harmonic of the valve spring,

J

,,
Its period was 2r ~ which for the sprin~.used was

0,0014 second, approxirnatdy the period of the first
osciUation, 0.0018 second, The other was the funda-
mental harmonic of the oil column between the dis-
charge oritlie and the high-pressure reservoir. Its

period was 2wl
d–

~ in ivhich 1is the length of the oiI
2Eg

column between the discharge orifice and the high- I
prasmre reservoir, 26.7 inches for the 13-inch tube, !
p the density of the Diesel oil, 53 pounds per cubic !
foot, E the modulus of elasticity of the oil, 284,000
pounds per square inch (Reference 8), and g the
gravitational constant. Substituting three vaIues @ ~

III order to determine the accuracy of the tangent -
method for obtaining the accelerations and pressures
on the injection valve stem, an equation was derived
by means of Fourier’s seriesfor the record in which the
fluctuations were most violent. In the computation
it was assumed that the lift curve was symmetricaI to
the time axis and that the stem movement during tho
complete injection period represented a half period of
a harmonic curve. The equation was determined for
the first seventeen odd harmonics, The computed __
points checked the experimental points within 0.0002
inch _ The second derivative of the equation was
deded and transformed into terms of acce~eration _.,
in inches per second per second. These values of
ace&ration were then used in deriving the instantan-
eous pressures from Equation (1). The results are
shown in Figure 8. The end points are not given, since
in assuming a curve symmetrical to the time axis the



PRIMS3JRE FLUCTUATIONS IN A COMMON-RAIL FUEL INJ3WTION SYSTEM 677

computed curve must necessarily deviate from the
actual curve for O and 180 degrees because of the
diiTerencein slope at these two points. The computed
points shown, however, fall suflkiently close to the
curves obtained by the tangent method to indicate the
accuracy with which the tangents were drawn.

The flow of ofl through the discharge orifice was
computed from the pressure curves and the conven-

(Reference 9) showed that the coefficients of discharge
of these orifices over the range of pressuresinvestigated
did not wry materially from 0.94.

The actual discharges were obtained by screwing a
small container onto the injection valve and weighing 10
injections. ti each weighing the nozzIe and end of
the -wdve were cleaned with benzol before attaching
the cuntainer, and the nozzle and end of the valve were

.

tional flow formula, Q= an!. The total mass 31 &-
charged in any time t is

M=PQ

‘part

.T; &#~~ (2)

in wbhh P is the effective pressure, d the diameter of
the oritke, and C the coe%icient of discharge. The
effective pressure was taken as the square of the mean
of the square roots of the instantaneous pressures. It
was obtained by plotting the square roots of the instan-
taneous prassures, integrating the curve with a plani-
meter, dividing the integral by the total time of
injection, and squaring this mean of the squeweroots
to obtain the effective pressure of injection. Co&i-
cient of discharge tests made on the 0.008 and 0.020
inch oriiice with the apparatus employed by Joachim

cleaned with a piece of cotton when the container was
removed. The weight of the oiI colIected on the cotton
was added to that collected in the container. A
certain amount of oil vapor escaped while the con-
tainer was being removed from the valve and the cap
was being screwed on, and it was impossible to wipe
all the oil off the nozzIe. The exact magnitude of
these two Iosses is diflicult to estimate. b every c~se
two or three sets of 10 discharges were weighed and -
the mean taken. In no case did the individual weights
vary more than 3 per cent from the mean.

TEST RESULTS

Eflect of the Ratio of L?&hurge Orifice Area to Area
of Smallest Restm”ction betwe n the High-pressure Reser-
rm”Tand Discharge Orijfce.-The tube connecting the
high-pressure reservoir with the timing valve had an
internaI diameter of 0.063 inch. The diameter of the
passage connecting the timing valve to the injection
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valve tube”was 0.094 inch, The injection valve tube
was made of seamks steel tubing with an outside
diameter of x inch and an inside diameter of 0.125
inch, The oil passage in the injection valve between
the injection valve tube connection and the passage
around the valve stem had a diameter of 0,094 inch.

.g A/a= O.016 .0081hc~ orifice

wooo.p4~ m
VI l\ /1 1 1 I t u
k-l u Oy’ “;” I 1 I !

C5 fihe,sec.
l?murm K-Effeot of orlflce dhuneter on stem Ifft and OHprmsure

Injectfon prwwe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3,601lbJsq. in.
Valve openhg ~ewnm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,60) lb./sq. in.
Initial Www . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WI lbJsq. in.
Tribe len@h. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 in.

Consequently, the smallest restriction was the 0.063-
inch tube between the high-pressure reservoir and the
timing valve. Two series of tests were conducted to
determine the effect of the ratio of the discharge orifice
area to the area of the smallest restriction in the line.
In the first seriee the stem Liftwas determined for dil7er-
ent diameter discharge orifices. In the second seriesthe
stem lift was determined with a constant discharge
orifice diameter, but with various restriction orifices
inserted in the injection line at the entrance to the
automatic injection vaIve.

The effect of varying the discharge orifice diameter
is~shownin Figure 9, The ratio of the dicharge orifice
area to the restriction area is symbolized by A/a. As
the ratio was increased, more of the energy of the
initiaI pressure wave was expended in discharging the
fuel oil, and less of it was utilized in a wave reflected
back to the high-pressure reservoir. CortsequentIy,
the intensity of the pr~ure wavee and the stem lift
decreased as the orifice diameter increased. Between

the ratio of 0.25 and 0.45 there is a ratio above which
the wave energy wu apparently entirely transformed
into the kinetic energy of the discharging oil and the
pressures at the discharge orifice remained virtually
constant, although the stem osciUated,

Figure 10 shows the effect of the ratio A/a when
the discharge orifice remained constant and the diame- =
ter of the restriction orifice was varied. The same _
phen~menon occurred as is shown in Figure 9. The
important fact to notice in these two figures iE-tho
similarity of the curves for the same ratio. For the
0.020-inch restriction oriiice with a ratio of 1.0 the
valie stem oscillated to a greater extent than with
the ratio of O.+KI. Although the values given for the
instantaneous presmres in this particular case are open
to question because of the difficulty of analyzing the
curve at the line of zero lift, the curve does show that
there-were violent fluctuations of pressure, because of
the rapid opening and closing of the valve.

.f .- A/a= O.Ck53 .080 k resfricfbn orifice

0 A/a = O.)09 .0+0in.resf+fion orifice
6tid0..06

?. e p-!sssu)e.-
f- \ -.._

H ,.I I

f I A/a -0.250 ‘.040 h. resf~icfimorij+te

FIGCEE10.—Effectofre9trIct10n orlfl- on etem lfft mdoilpreseures
InhctIonpmsm...- . . ..- . . ..-... --.--— . . . . . . . . . . . . . . . . . . . a,~ Ib./sq, in.
Velve opsnlng We.ssure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . *W Ib./sq. In.
In[tial prwsure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203lbJsq. In.
Tube len@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D In.
Orhlca timetir . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 0.020In.

The effect of the ratio of discharge orifice area to
the restriction orifice area on the effective pressures is
shown in Figure 11. As the ratio decreased, the ~f-
fectkm pressure approached the static pressure in the
high-pressure reservoir. The difference between the
static pressure and the effective pressure was directly
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proportional to the ratio. Because the effeotive pres-
sure decreased as the oriiice area was increased, the
quantity of fuel discharged, Figure 12, did not vary

b Rofrnof dischorge orificeoreo
fo resfricfionorifke oreo

Fmcm Il.—Effect ofrstfo of dkkrge oridca area to re&rktIon tice area on
eEe&iw lmsure

directly with the orifice area. Both the computed
and actual discharge curves follow the same general
trend. The discrepancy between the two is due to
the losses in mighing the fueI, to the restriction to
flow when the valve stem approached the seat, and
ako because the mean pressure aorors the stern was

~ .mo5
.0 Ic
,:.0004
-1 \ _ 1

$0003 r

<
“S.iwo2 ~ !

s 4 0 Compufed discharge
● Weigheddisaiorge

&.L?iwl
%
2

0 ./ .2 .3 4
Rofioof o’ischorgeam ficewee
to res rrictionorrficeareo

OrrficeOreo,sq.In.

FIGCEE12—Efktofreetrfctiondca areasnd dkharm wltlce area on
fueI qoantity dkhmged

probably greater than the mesa pressure across the
discharge oriiice. In F~e 12 it is aIso seen that as
the ratio A/a decreased, the fuel quantity discharged
increased.

It can be conoluded from the figures that for an in-
jection system of this type the area of the smallest
restriction in the fuel line should not be less than four
times the arm of the discharge orifice.

E$ect of Injection T’alre Tube Lv@h.—The effects of
the injection valve tube Iength on the stem Iift and
pressure variations are shown in Figure 13. & the
Iength of the injection mdve tube was increased the
period of vibration of the oft cohrnn was increased.
The computed periods for the tube Iengths are 0.0020
second for the 13-inch tube, 0.0028 seccmd for the
24-inoh tube, 0.0037 second for the 37-inch tube, and
0.0063 second for the ‘iO-iich tube. With the 13-inch
tube the pressure reached a second maximum and had
started to decrease vihen cut-off occurred. With the

f3-fube
Zwo .061 , , i 1 , I I I I

L
Q I I 24” fube I II

--n-r) , t ,, , u

?Zme,sec.
FIGUM l&–EEect of tube Iength on stem Mftand 011premom

Orlnce-Cw.---–-.---—-–--–.-–----------–-—-——0.0?0In.
Injection prmsme-------------------------------------------- 3#00 lb.hq. in.
Mwm~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3r1011L/eq.In.
VaIm opening presmre__ . . . . . . .._.. _.._. _._. _..-._. 2500 Ih&. In.

%iich tube the pressure reached a minimum and
had started to increase when cut-off occurred. Tilth
the 37-iich tube cut-off occurred when the presure
had reached a minimum. The 70-inch tube gave vir-
tually a constant pressure d~~ the whole injection
period, as the__nitiaIwave had just started to decrease
at cut+ff. IFis interesting to note that there was a
slight increase in the injection period for the longer
tubes, although the setting of the cut-off valve was
the same for all the tubea. Consequently, the time
lag between the opening of the timing valve and the
opening of the injection valve, instead of increasing
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.,r -

directly with the tube length, should show a slight
negative curvature, as has already been shown in the
e@rimental work ‘on the time l& (Reference 5),

g 5000
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FIGURE14.-EE@at oftribe length on etitive premre and fuel discharged

As the tube length was increased the pressure
and the lift at the point of cut-off decreased, the
bouncing of the stem after cut-off decreased and
with it the tendency towards secondary discharges.
This is in accordance with the work of Beardaley
(Reference 7), in which he found that with a tube
length of 7 inches secondary discharges appeared,
but with a tube length of 41 inches there were no
secondary discharges. It can be concluded that sec-
ondary discharges wll occur when spray cut-off
occurs during the peak of a pressure wave.

These curves aIso substantiate Beardsley’s
results (Reference 7) which showed that the spray
penetration was slightly increased with an incresse
in tube length. The penetration of the spray is
largely dependent on the maximum pressure of
the initial wave and the time required to reach
this maximum, but is aided to some extent by
the pressur~ which follow this maximum. An

The curves show that to obtain a high con-
stant pressure with an injection system of this
type the period of injection should be one-half the
period of the pressure waves in the injection valve
tube, or the length of the injection tube in inches
should be twice the injection period in ten-thousandths _
of .a~~cond.

The effects of the tube length on the effective pres-
sure ,andfuel quantities discharged are shown in Figure
14. “Aa Figure 13 indicates, the effective pressure
incr&sed with tube length until with the 70-inch tube
the ejlective pressure was approximat.dy the same as
the static injection pressure in the reservoir. The
curves for the weight of oiI discharged ahow that tho
weight incre,ssedwith the tube length, 11is interesting
to note that with the 70-inch tube, in which the pressure
rqm~ined virtually constant, there is considerably less
deviation between the computed and the actual
discharges. This indicates that the oil flow in the
shorter tubes did not follow the rapid fluctuations in
pres@e. “

--

By”using a sma~lerdischarge oficej that is, a qnaller””
ratio:Qf discharge orifice area to r&triction area, effec-
tive pressuresgreater than the pressure in the reservoir
can be obtained. Figure 15 shows the stern lift and -.
pressure curves for a 0,008-inch orifice and a ratio of

{3” tube

emm&ation of @ure 13- shows that the maxi- 1
mum pres.surea and the time required. to reach I
these pressures were nearly the same for the 13, 24, :
and 37 inch tubes. However, as the tube length was ~

.~ 8W0 .08’ t ,

6 Pres!sure

~

4
I

2 Liff ‘“

~
Q o -0 1

.001 .002 .003 .004 .005

increased, the rate of preseure drop after the maxi-
mum was reached decreased and the reeultant penetra-
tion was, therefore, greatar. With the 70-inch tube tie
maximum pressure was less than with the other tubes,
but remained at this masimum vaIue for a longer time.

?irne, sec. “

FKIUIIE15.–Efl6ct oftubelength on sktn Uft and OUprmsure

“w&in pressure.. ~. .. . . . . . . . . . . . . . . . . . . . . . . . . . . ----- &W lbJm. ID. “
. ..==

IIdtbd Pressure------------- .------.. –----—- ——--- WI lb./aq. la.
Vake opening pressure................. .-------------------- WX lb-h. ~.
Orificedlamstex . . . . . . . . . . . . . . . . ..--... --- . . ..--. =------- 0.033hr.

.

A/a equal to 0,016 with 13-inch and 70-inc.h injection
tubes. The eilective pressure with the 13-inch tubo
was 3,500 pounds per square inch and for the 70-inch
tube..was 4,500 pounds per square inch—29 per cent
higher than the static injection pressure. Such a small
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orifice diameter to injection valve [ pounds per square inch at 1,140 r. p. m.
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to 3,150 pounds —
tube diametm would, however, not be practicable fro~ ~ per square inch at 4S0 r. p. m. As the rate of fueI dis- __ ~.—

a construction standpoint.
E$ect of Timing-calre Camsh@ Speed and InJection

Pmiod.-The effect of the timing-valve camshaft

charge variesas the square root of the pressure, the
mean rate of discharge at 480 r. p. m. is only 2 per cent
1sss than at 1,140 r. p. m. It can be concluded from

The, sec

.-
.

—

—

FIGVRX16.–Effect d tfrcdng ve.lve mmshaft SLWCImid fnjeetion @od on stem Ilft and cdlpresure

InJwtIon presmre..._.. . . . . ..-_. _.-_ . . . . . . . . . ..-. _..- . . . . ..- 6@l lb./sq. In.
InItbd ~.-.. - . . . . . . . ..--. --.-- . . . ..- . . ..-.---.. -—------ 300lb./sq. in.
vdreopening ~a------------------------------------------- 2@lllkJsq.fn.

speed and the injection period on the pressure fluctua-
tions is show-nin F&me 16. As the timing-valve cam-
shaft speed was decreased, the maximum pressure
reached on the first and second wavw decreased slightly.
The pressure wa~e was damped out before the third

f Tti Ie@L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- lafn.
Orfncebek . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- Oxc?otn. -

—

these curves that for an injection sysk.m of this type
the fuel spray penetration and distribution, except for
the tiect of air flow, and the time for dehvering a given
fuel quantity, are practicality independent of engine

-—
-

speed.
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oscillation, so that for the Iowest r. p. m. the pressure
after the fit 0.0045 second remained titualIy con-
stant a-tthe pressure in the reservoir. Figure 17 showa
the effect of the camshaft speed and injection period
on the effective pressure and the fuel quantity dB-
charged. The tiective pressure dropped from 3,3oo

E~ect of H@h-prewwe Resermir Volume.—Another
factor b the design of a oommon-reiI fuel injection
system is the volume of the high-pressure reservoir.
The voltune should be sufllcient so that the pressure
drop during injection is small, and at the same time
the reservoir should be small enough to be in propor-

=

..—
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tion to the rest of the injection system. For the
tests already presentid the volume was 20 cubic
inches. A test was made with a 10-cubic inch reser-
voir. The results of this test in comparison to one
with the 20-cubic inch reservoir are shown in Figure

?Lme, sec.
FwJE~18.–Eflectof011reservoir volume on etem llft and ofl preewre

Injection ~~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3JOOlb./sq. in.
InItlaf pwmw . . . . . . . ..–.--. –... ---— ---------------- 300lb.pq. in.
VaIm opsnfng pressure . . ----------------------------------- 2,600lb.hq. tn.
Orifice d!ametw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 0.020in.
Tube len~h . . . . ..-... --.–--..-.–-.-..---- . . ..-–--—---- 13fns.

18. The stem lift and pressure curves are virtuaIIy
the same for the two reservoirs. Further research is
necessary, however, to determine the minimum
high-pressure reservoir volume that can be em-
ployed without affecting the pressuresat the dis-
charge orifice.

E$ect of Initial Tube Pressure .-The eflect of
the initial pressure in the injection vaIve tube
before the opening of the timing valve on the stem
lift and the pressure variations is shown in Figure
19. As the initial pressure was increased, the
maximum pressure decreamd, and the pressure
curve changed from a wave curve to a curve of
almost constant pressure, There was, however,
little change in the effective pressure-3,100
pounds per square inch for the 300 pounds per
square inch initial pressure, 3,300 pounds per
square inch for the 1,000 and 2,500” pounds per
square inch initial pressures. The total injection
period increased with the initial pressure. There-
fore, since the setting of the by-pass vahe remained
the same for all the tests, the time lag of injection
decreased as the initial pressure increased. In
the report on the time lags of injection (Ref-
erence 5) it was stated that the time lag was
independent of the initial pressure, providing
the injection pressure was considerably in ex-
cess of the valve-opening pressure. However,
the results presented here show that when the

To maintain an initial pressure in the injection
valve tube of an injection system of this type pre-
ceding the opening of the timing valve the samo
pressure must be left in the tube at cut-cff of each
injection. Consequently, the cut-off of the spray
would not be as sharp as shown in Figure 19 where
the fuel pressurewas released to atmospheric. Beards-
ley (Reference 7) has shown that the spray penetration
increases slightly with the initial pressure. The curves
show that this increase as the initial pressure increases
is due to the slower rate of pressure drop after the
fit wave. It can be concluded from the figure that
a high initial pressure in the fuel injection line dots
not present any advantages which can not be obtained .
by kmgthening the injection tube, but on the contra~
does cause a S1OVWcut-cfl of the fuel spray,

E$ect oj Valve Opening Preseure.-lkcreasing the
valve opening pressure (fig. 20) had ~ittleeffect on tho
stem movement and pressure variations other than to
increase the stem lift and so prevent the stem from
touching the seat during its oscillations. The injec-
tion period increased as the valve opening pressure
decreased, as has already been pointed out in the work
on the time lags. (Reference 5.) High valve opening
presures cause the fuel spray to start at a higher
pressure and consequently some increase in spray
penetration should be expected. The effective pressure

300 Ib./sq.in.initiot pressure

valve oper&g pressure is .gcmparable to the. injec-
tion pressure the t~iynelag is dependent on the initial
pressure.

L@tion ~~e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3,EO0Ibs.hq. hr.
Valve o~ing Presnre- . . . . . . . . . . . . . . . . . ------------------------- 2JM lWW. [n.
~hIen@h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .._ 34 frm
Ortflm dfmetw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . O.OMin.

increased slightly with the valve opening pressure,
l?i~g 21, since the pressures at the start of injection .-
were higher. The increase in the effective pressure
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was more than offsettby the increase in the time lag
and consequent decrease m the injection period.
Hence, the fuel quantity dischmged decreased slightly

spray penetration, dispersion, and atomization desired.
The curves show that unless the total hydraulic force
on the stem after it is lifted is sufficiently greater than

with an increase in the valve opening pressure.
(Fig. 21.) From these curves it can be concluded ~ ~ -

Valveopenhg press- ICMOlh~sq.b.

that tie valve opening pressure has little effeet &sSure
I

on the effective pressure and the fuel quantity 6ZlM.g.m - .

discharged, but does affect the stem lift. d.> g I / -
Eject of Injection Prewure.-FW 22 shows {mm~ “w

/

the effects of the injection pressure on the stem ?2U $ ~
lift and pressure variations. In the first example ~ “

t
,ljf+ :.

the valve opening prfssure was greater than the ~ 0 0 I 1
I Illinjection pressure of 1,800 pounds per square inch. & Vai~e open& presswe, iti~ 1%./sq.ii’.

However, the first wave from the reservoir buiIt $- ~-= ,- .R-es!wre
up to a pressure of 2,400 pounds per square inch m ;$.04 v
and consequently lifted the stem slightly. The ~ L * ?C \
valve then closed and remained closed until the %ZCXM$.02
second wave reached it. The second wave was ~ ~

I ?- -
fift ‘

of less intensity than the fit, but was sficient ~ 0 0 I [ii
to again lift the stem. The period of this rave $ & .~ Yi~e openi-q~svc ,2500 N? ~. I

obtained from the figure was 0.0034 second. ~ .
The computed value is 0.0028 second. I’ilth &cw$.w
an injection preesure of 2,500 pounds per square ~

-*

inch the valve opened four times during the in- Z(+oz

jection period. V7ith an injection pressure of h
3,5oo pounds per square inch, as has been shown

00

before, the valve remained open during the whole
~me,sec.

injection period.
FIWILE Z1.-EiTectofvelveopening~ onsternlfftandoilpressure

men the tijection pr=me ~MO~~~K&.....____ 3* mh. in.
was further increased to 4,000 pounds per square m ~----------------– m lbh. in.
inch the pressure and stem lift curves were of the ~&h&~~~~~-~~~~-— 13h.

0.020in.
same form as for the 3,50&pound per square inch

---

injection pressure, but of greater intensity. The the spring force on the stern when the valve is closed,
effective pressure for the 3,5OCIand 4,OOOpound per the stare wiU not remain off the seat during the whole
square inch injection pressures were 3,3oo and 3,9oO injection period.

i-

ti.(?oo3 1 I

g 1

Fw-tt-t
I 1 1 I I I I i I J I I I [ I 1 I I t I 1 I

5m Im 1500 .2000 .?500 0 500 tom 15LM ZOwzxzm
v~w ~~ p-esswe,Jb-/sQ.in. Volvecpet&@ pressurglb.}sqh.

FIGURE21.—EIktOf VdVe OkWOiUS IxCSUM m efhcthe WMSXUeaud fuel dkharged

pounds per square inch, respectively. As the injection
pressureincreased the injection period increased,due to
the shorter time lag of injection. (Reference 5.) The
injection pressure to be used in the deeign of an injee-
tion system of this type is based on the time required to
inject a given fuel quantity into the engine and the

-—

---

.—

-

CONCLUSIONS

There me two main conclusions to be drawn from
these tests: First, with. a common-rail fuel injection
system in which the source of high pressure is at some

.

distance from the discharge orifice, pressure waves wiU -
occur between the high-pressure reservoir and the dis-

.—
——
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charge orifice; second, these pressure waves can be
controlled in a manner advantageous to the injection
system,

SeveraI conchwions can also be drawn as to the
design of such an injection system.

5 7ime,sec.
FIGURE22.-EflwtofInjection pressure on stem lfftand011pressure

InMal prwmrre. . ..-.. -..- . . . . ..--. -... _..-. ._.- . . .._ X4 lbJsq. in.
valve Opmhrg prewlre . . . . . . ..- —.. -.. .’—. . . . . . . . . . . . . . . . . . . . . 2,s00 lb./sq. bI.
fibel@h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Min.
Orifice We@r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 0.020in.

1. AU oiI passages between the high-pressure
reservoir and the discha~e orifice should have areas at
least four times the total area of the diechargw orifice,

2, The injection tube connecting the high-pressure
reservoir to the discharge otice should have a length
in inches equal to twice the injection period in ten-
thouaandtbs of a second.

3. The instantaneous injection pressures are vir-
tuaUy independent of engine speed.

4. The injection period in seconds for a given fuel
quantity is independent of engine speed.

5. A&h initial or residual pressure in the injection
tube has no material advantages to the injection of
the fuel,.— .- —

.
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